We have studied the role of the HPV-16 E5 protein in apoptosis, using HaCaT cell lines stably transfected with either E5 (HaCaT/E5) or the empty vector (HaCaT/ pMSG) as control. When subjected to a hyperosmolar concentration of sorbitol, HaCaT/E5 cells respond with cytochrome c release, activation of caspase-3, -8, and -9, and PARP-cleavage, showing that the mitochondria and death-receptor mediated apoptotic pathways are involved in subsequent cell death. Similar eects are observed for the control cells only after extended sorbitol treatment. Thus, E5-expressing cells are more sensitive to osmotic stress, perhaps because of modi®cations of the cellular membranes caused by this strongly hydrophobic molecule. Oncogene (2002) 21, 947 ± 953.
Introduction
Human papillomavirus type 16 (HPV-16) is a small double-stranded DNA virus (8 kb) present in about 90% of cervix carcinomas (Zur Hausen, 1991a,b) . Compared to the well-studied HPV-16 oncoproteins E6 and E7, much less is known about the viral E5 protein. E5 possesses weak oncogenic properties (Leptak et al., 1991) and increases E7-mediated cell transformation (Faulkner-Valle and Banks, 1995) . Large amounts of E5 mRNA have been found in cervical intraepithelial neoplasia (low-grade CIN I), which suggests that the viral protein plays a role in the ®rst steps of cellular transformation , Stoler et al., 1992 .
HPV-16 E5 is a strongly hydrophobic protein of 83 amino acids that associates with the Golgi apparatus, the endoplasmic reticulum and the nuclear membrane (Conrad et al., 1993) . E5 probably consists of three membrane helices and short regions at the N-and Ctermini that may extend beyond the lipid bilayer (Ullman et al., 1994) . These molecular properties are compatible with known functions of E5. In mouse ®broblasts E5 is able to modulate signaling by altering the membrane phospholipid composition (Crusius et al., 1999) . Expression of E5 in human keratinocytes reduces gap-junction mediated cell communication (Oelze et al., 1995) and increases activation of the signaling cascade originating from the epidermal growth-factor receptor (EGFR) in a ligand-dependent as well as ligand-independent manner (Crusius et al., 1998 (Crusius et al., , 2000 Pim et al., 1992; Straight et al., 1993) .
UV radiation or osmotic shock can induce apoptosis in keratinocytes. Apoptosis is a process for killing cells that is critical for the normal development and function of multicellular organisms. Two main apoptotic routes have been identi®ed (Budihardjo et al., 1999; Fesik, 2000; Hengartner, 2000) . In the extrinsic death-receptor pathway, receptors are activated speci®cally by their cognate ligands, e.g. TRAIL, leading to procaspase-8 cleavage. The intrinsic mitochondrial pathway is used in response to many non-speci®c stimuli, such as DNA damage, radiation and osmotic stress (Rich et al., 2000) , resulting in cytochrome c release from the mitochondrial intermembrane space. Cytochrome c associates with Apaf-1 and then with procaspase-9 to form the apoptosome complex, leading to activation of caspase-9. The two pathways converge at the level of caspase-3 activation.
Malfunctions in cell-death control can lead to a variety of diseases including cancer (Thompson, 1995; Strasser et al., 2000) . Since viral infections often disturb the cell-death program, we were motivated to investigate whether the viral protein HPV-16 E5 aects apoptosis in human keratinocytes. We show here that a non-speci®c sorbitol shock, which does not aect the control cells, is sucient to induce apoptosis in E5-expressing human keratinocytes.
Results
We used the spontaneously immortalized human keratinocyte cell line HaCaT (Boukamp et al., 1988) permanently expressing the HPV-16 E5 gene under control of a dexamethasone-inducible promoter (HaCaT/E5). HaCaT cells transfected with the same recombinant DNA devoid of the E5 reading frame (HaCaT/pMSG) were used as reference. All experiments were carried out at 378C unless otherwise stated.
Apoptosis was induced by osmotic stress using 0.6 M sorbitol for 30 min after serum deprivation. For cell recovery, culture medium without fetal calf serum (FCS) was added for 30 min, 1 h, 2 h, and 4 h. Induction of the cell-death program was monitored by detection of procaspase-3 cleavage. In HaCaT/E5 cells cleavage of procaspase-3 into its activated form started 30 min after the sorbitol shock and was maintained for 2 h (Figure 1a) . After 4 h the cells recovered from the stress as indicated by the sharp decline in procaspase-3 cleavage. Evidence for the catalytic competence of activated caspase-3, namely the proteolytic cleavage of its substrate poly(ADP-ribose) polymerase (PARP), is given in the lower panel of Figure 1a . Identically stimulated control cells showed neither caspase-3 activation nor PARP-cleavage. These ®ndings were con®rmed by indirect immuno¯uores-cence against activated caspase-3, showing that the percentage of apoptotic cells in HaCaT/E5 was consistently higher than in HaCaT/pMSG ( Figure  1b ). The¯uorescent HaCaT/E5 and pMSG cells displayed the morphology that is typical for dierent stages of apoptosis such as membrane blebbing ( Figure  2 ). The ®gure, showing apoptotic HaCaT/pMSG cells, is representative also for HaCaT/E5 since there are no morphological dierences between the two cell lines.
To investigate whether caspase-3 activation is initiated by the mitochondrial pathway, we looked for cytochrome c release and procaspase-9 cleavage after sorbitol treatment (Figure 3) . For HaCaT/E5 we found an immediate release of cytochrome c that stopped after 30 min of cell recovery. Cleavage of procaspase-9 started 30 min after the sorbitol shock and was maintained for 4 h. In the control cells neither cytochrome c release nor caspase-9 activation was observed ( Figure 3) . We conclude that under the chosen shock conditions sorbitol triggers the mitochondrial apoptotic pathway only in HaCaT/E5.
To address the question which mechanism could lead to cytochrome c release, we analysed whether E5 aects activation of p38 upon hyperosmolar stress; it has been shown that UV-irradiation of HaCaT cells leads to cytochrome c release that depends on the activation of the stress-kinase p38 (Shimizu et al., 1999; Assefa et al., 2000) . As shown in Figure 4 , sorbitol shock led immediately to p38 activation in both our cell lines. However, p38 remained longer in its active (phosphorylated) state in HaCaT/E5 than in the control cells. Assuming that activated p38 is a general indicator of cellular stress, the presence of E5 appears to delay cell recovery. As reported for UV-stressed HaCaT cells (Shimizu et al., 1999; Assefa et al., 2000) , we found that cytochrome c release could be strongly reduced by inhibition of p38 with SB 203580 ( Figure  5 ). This implies that p38 is located upstream in the apoptotic pathway leading to cytochrome c release.
Besides the mitochondrial pathway, the observed caspase-3 activation ( Figure 1 ) could equally well be a result of caspase-8 activation along the death-receptor pathway. Indeed, it has been shown that non-speci®c stimulation by UV light activates the CD95 deathreceptors in human keratinocytes (Aragane et al., 1998) . We found that in HaCaT/E5 cells procaspase-8 cleavage started 30 min after the sorbitol shock and increased for 2 h and then remained constant ( Figure  6 ). No decline in caspase-8 activation was detectable over the course of the experiment. In contrast, sorbitol treatment had no apparent eect on procaspase-8 cleavage in HaCaT/pMSG.
Since the 30 min shock proved insucient to induce apoptosis in the HaCaT/pMSG control cells, we checked the integrity of our cell system by extended sorbitol treatment. All of the above experiments were repeated treating the cells with sorbitol for 30 min, 1 h, 1.5 h, 2 h, and 4 h without cell recovery. We found that prolonged treatment with sorbitol, for 1 h or more, induced similar apoptotic eects in the control cells as well, but delayed and less pronounced than those seen for HaCaT/E5 (data not shown).
The observed eects of E5 on apoptosis could be interpreted as a result of an altered membrane composition in HaCaT/E5 caused by this strongly hydrophobic protein. This assumption is supported by the ®nding of dierent turnover for several membrane phospholipids in control and E5-transfected mouse ®broblasts and human keratinocytes (Crusius et al., 1999) . We expected that integration of E5 would increase the¯uidity of the membranes and lower their transition temperature. HaCaT cells were treated with HaCaT/pMSG and E5 were serum-starved and shocked with sorbitol as described in Materials and methods. Protein extracts were separated by SDS ± PAGE and immunoblotted with antibodies recognizing caspase-3 and PARP. In HaCaT/E5, activation of caspase-3 and cleavage of its target protein PARP do not occur until 30 min after the sorbitol treatment. Caspase-3 cleavage is reduced after 4 h of recovery. (b) HaCaT/pMSG and E5 were treated as in Figure 1A and an indirect immuno¯uor-escence against the activated form of caspase-3 was performed. The histogram shows the percentage of apoptotic cells. Each data point is the mean value of four measurements. Exact sampling theory (Student's t-distribution with three degrees of freedom) is used for error estimation. The error bars represent the interval in which the true (population) mean is found with a probability of 95% sorbitol at 37 and 228C for 30 min, 1 h, 1.5 h, 2 h, and 4 h without cell recovery. At 378C (Figure 7a ) PARPcleavage started in HaCaT/E5 after 1 h and increased continuously over the course of the experiment. The increase in cleaved PARP correlated with a steady decline of the uncleaved form. In the control cells PARP-cleavage ®rst appeared after 2 h and increased during the experiment but was consistently less than in HaCaT/E5. At 228C (Figure 7b ) PARP-cleavage in HaCaT/E5 developed as seen at 378C. As expected, the amount of the cleaved protein was signi®cantly reduced in comparison to the experiment at 378C. In contrast to HaCaT/E5, PARP-cleavage was barely detectable in the control cells at 228C. Comparing the data at 37 and 228C it appears that PARP-cleavage in HaCaT/E5 is less inhibited by lowering the temperature than in HaCaT/pMSG. However, the accuracy of the technique is not sucient to permit quanti®cation of the dierences in PARP-cleavage.
To demonstrate that the increased sensitivity to osmotic shock is not restricted to our polyclonal HaCaT/E5 cells, we studied in addition the eect of E5 in the mouse ®broblast cell line A31 (Leechanachai et al., 1992) . We used the cell line A31-E5, permanently expressing E5, and A31-Neo cells, which lack the E5 gene, as controls. Apoptosis was induced by 0.6 M sorbitol for 1 h after serum deprivation. For cell recovery, culture medium without FCS was added for 30 min, 1 h, 2 h, and 4 h. Compared with A31-Neo, an increased PARP-cleavage was observed for A31- (Figure 8 ). The sorbitol shock led immediately to an almost complete PARP-cleavage in E5-expressing ®broblasts whereas signi®cant amounts of uncleaved PARP remained present in the control cells until the end of the experiment. In contrast to the keratinocytes, the ®broblasts did not recover from the osmotic shock as indicated by the nearly constant level of phosphorylated p38. It is not surprising that the two cell types display dierences in the details of their responses to osmotic stress. However, the presence of E5 appears to sensitize human keratinocytes as well as mouse ®broblasts to apoptosis upon osmotic shock.
Discussion
We have shown that human keratinocytes and mouse ®broblasts expressing the HPV-16 E5 protein are more likely to execute the cell-death program in response to hyperosmolar concentrations of sorbitol than the control cells. Since viral infection is generally not accompanied by an osmotic stress, the increased sensitivity of E5-expressing cells to osmotic shock cannot be a selective advantage for the virus and thus is almost certainly not a major physiological function of the viral protein. Therefore, we interpret our observation as a result of a secondary eect of E5 that is not relevant during the natural course of infection. The destabilizing eect of E5 on the host cell membranes (see below) described here uncovers a possible weak point of the virus that could allow selective targeting of HPV-16 infected cells.
The mechanism by which the sorbitol shock induces apoptosis is unknown. The non-speci®c shock causes a complex cellular response, such as reorganization of the actin cytoskeleton, phosphorylation of MAP kinases (p38, p42/44, JNK) and activation of small G-proteins of the ras/rho family (Lang et al., 1998) , as well as activation of the EGFR and the transcription factor NFkB (unpublished results). These responses re¯ect the cell's attempts to recover from the stress or to execute the cell-death program. In addition, longterm exposure to hyperosmolarity leads to intracellular accumulation of low molecular weight osmolytes, like inositol or glycerophosphorylcholine, which may alter the properties of the cellular membranes (Lang et al., 1998) . Our ®ndings indicate that sorbitol treatment of HaCaT cells triggers both the mitochondrial and the receptor-mediated apoptotic pathways which culminate in procaspase-3 activation. As with UV-irradiated HaCaT cells (Shimizu et al., 1999; Assefa et al., 2000; Jost et al., 2001) , we ®nd that the pathways are activated independently since cytochrome c is released immediately following the shock in a p38-dependent manner (Figures 3 and 5) , while procaspase-8 cleavage starts after a delay of 30 min ( Figure 6 ).
Other eects may in¯uence the balance between antiand pro-apoptotic mechanisms after sorbitol treatment. Comparing Figure 1a with Figures 3 and 6 , it appears that caspase-3 activation declines after 4 h of cell recovery whereas no reduction of caspases-8 and -9 cleavage can be detected. These dierences in the kinetics could be caused by diverse apoptosis-regulating factors and/or the existence of additional, still unknown death-inducing pathways implied by the studies on knockout mice (Earnshaw et al., 1999; Wang and Lenardo, 2000) .
Interestingly, in HaCaT/E5 cytochrome c is released in a single burst immediately following the shock and is Figure 3 Cytochrome c release after sorbitol treatment leads to activation of caspase-9. HaCaT/pMSG and E5 were serumstarved and shocked with sorbitol as described in Materials and methods. Protein extracts were separated by SDS ± PAGE and immunoblotted with antibodies recognizing cytochrome c and caspase-9. Cytochrome c is released into the cytoplasm immediately after addition of sorbitol in HaCaT/E5. The small amount of background concentration of released cytochrome c in untreated HaCaT/E5 is even higher than in the sorbitol treated HaCaT/pMSG. In HaCaT/E5 cleavage of caspase-9 starts 30 min after the sorbitol shock whereas no signi®cant activation can be detected in HaCaT/pMSG Figure 4 Activated stress-kinase p38 is dephosphorylated at a lower rate in HaCaT/E5 after sorbitol treatment. HaCaT/pMSG and E5 were serum-starved and shocked with sorbitol as described in Materials and methods. Protein extracts were separated by SDS ± PAGE and immunoblotted with antibodies that speci®cally detect the phosphorylated form of p38. In HaCaT/E5 p38 is dephosphorylated at a lower rate compared to HaCaT/pMSG. As control the membrane was reused and the total amount of p38 was detected E5 sensitizes HaCaT cells to stress-induced apoptosis K Kabsch and A Alonso virtually undetectable thereafter (Figure 3 ). This suggests that continuous release of cytochrome c is not required to maintain the apoptotic process.
Instead, it appears that cytochrome c is completely absorbed into apoptosome complexes with Apaf-1 and procaspase-9 leading to the observed caspase-9 activation 30 min after the shock (Figure 3) . We have shown that the viral protein HPV-16 E5, expressed in human keratinocytes and mouse ®bro-blasts, sensitizes the cells to sorbitol-induced apoptosis. Unfortunately, due to its poor immunogenicity no antibodies against E5 are available, which prevents a direct detection of this protein. Epitope-tagged E5 is known to associate with internal membranes of cellular compartments (Conrad et al., 1993) . It is thus Figure 5 Inhibition of p38 by SB 203580 impairs sorbitolinduced cytochrome c release. HaCaT/pMSG and E5 were serumstarved and treated with sorbitol for 30 min. Activation of p38 was inhibited by 20 mM SB 203580 (Calbiochem, Schwalbach, Germany) for 30 min prior to the addition of sorbitol to the inhibitor. Protein extracts were separated by SDS ± PAGE and immunoblotted with antibodies recognizing cytochrome c, phospho-p38 and p38. In HaCaT/E5 cytochrome c release is strongly reduced after inhibition of p38. As control the phosphorylated and total amounts of p38 are shown Figure 6 Activation of caspase-8 after sorbitol treatment. HaCaT/pMSG and E5 were serum-starved and shocked with sorbitol as described in Materials and methods. Protein extracts were separated by SDS ± PAGE and immunoblotted with an antibody detecting caspase-8. HaCaT/E5 show a signi®cantly higher amount of activated caspase-8 compared to HaCaT/pMSG Figure 8 PARP-cleavage of mouse ®broblasts A31 after sorbitol treatment. A31-Neo and E5 were serum-starved and shocked with sorbitol for 1 h as described in Materials and methods. Protein extracts were separated by SDS ± PAGE and immunoblotted with antibodies recognizing PARP, phospho-p38, and p38. For the A31-E5 cells an almost complete PARP-cleavage is observed immediately after the shock whereas signi®cant amounts of uncleaved PARP remain present in A31-Neo cells until the end of the experiment. As indicated by the nearly constant level of phosphorylated p38, cells did not recover well from the shock. As control the membrane was reused and the total amount of p38 was measured conceivable that the strongly hydrophobic protein alters the composition of these membranes in a way that ampli®es the eect of sorbitol. In fact, changes in the phospholipid composition and phospholipase activities have been described in cells expressing the viral gene (Crusius et al., 1999) . For keratinocytes a strong correlation between membrane¯uidity and temperature has been reported (Hachisuka et al., 1990) . Presumably, incorporation of E5 increases membrane¯uidity leading to changes in the cellular response upon sorbitol treatment in a temperaturedependent manner. Our data clearly show that the eect of E5 in sensitizing the cells to sorbitol-induced apoptosis is not restricted to a temperature of 378C. At 228C prolonged sorbitol treatment of HaCaT/E5 is still able to initiate apoptosis as monitored by the presence of PARP-cleavage (Figure 7b ) which, however, completely vanishes after further cooling to 108C (data not shown). The control cells are consistently less susceptible to sorbitol treatment at 37 and 228C than the E5 cells; the very slight PARP-cleavage observed at 228C for HaCaT/pMSG is barely signi®cant. However, considering the experimental design, it remains an open question whether PARP-cleavage in HaCaT/E5 cells is less inhibited by lowering the temperature than in HaCaT/pMSG cells. It is likely that an altered membrane¯uidity is not the only reason for the observed temperature dependent PARP-cleavage, since reduced enzymatic activities are to be expected at lower temperatures. Our ®nding that E5-transfected cells are more susceptible to sorbitol-induced apoptosis may open new possibilities for damaging HPV-16 infected cells selectively.
Materials and methods

Cell lines and stress-induction
We used the spontaneously immortalized human keratinocyte cell line HaCaT (Boukamp et al., 1988) that had been stably transfected with HPV-16 E5 (HaCaT/E5) or the empty vector pMSG as control (HaCaT/pMSG). In all experiments, including controls, cells were grown in Dulbecco's modi®ed Eagle's medium with 10% FCS and penicillin/streptomycin (GIBCO, Karlsruhe, Germany) to 70 ± 80% con¯uency and serum-starved for 48 h. Both cell lines were treated with 1 mM dexamethasone during serum deprivation to induce E5-expression. Under these culture conditions the presence of E5 mRNA in HaCaT/E5 was veri®ed routinely by RT ± PCR. For stress-induction, cells were treated with a hyperosmolar concentration of 0.6 M sorbitol for 30 min, and washed with PBS after sorbitol removal. For cell recovery, culture medium without FCS was added for 30 min, 1 h, 2 h, and 4 h. Cells were subsequently washed twice with cold PBS and lysed in 1% SDS. Protein content of all extracts was measured using the DC protein assay (Bio-Rad, Munich, Germany) according to Lowry. In addition to the keratinocytes, we used the mouse ®broblast cell line A31-E5 which permanently expresses HPV-16 E5 and the A31-Neo cell line as reference (Leechanachai et al., 1992) . Cells were cultured the same way as the HaCaT cells and serum-starved for 24 h without addition of dexamethasone. Osmotic stress was induced with 0.6 M sorbitol for 1 h. Cell recovery was carried out as described above.
Western blot analysis
For SDS ± PAGE, 50 mg protein extract were used and subsequently transferred onto nitrocellulose membrane (Schleicher & Schuell, Dabbel, Germany) . The membranes were blocked with 10% dry milk in PBS containing 0.1% Tween 20 for several hours at room temperature. The ®rst antibody was incubated at 48C overnight. Reactions were detected with the ECL system (Amersham-Pharmacia, Freiburg, Germany). Antibodies used: Caspase-3 and cytochrome c (BD PharMingen, Heidelberg, Germany), cleaved caspase-3, caspase-9, phospho-p38 and p38 (New England Biolabs, BadSchwalbach, Germany), caspase-8 (c15, mIgG 2b , Scadi et al., 1997) , and PARP (c-2-10, Kaufmann et al., 1993) .
Cytochrome c release
To analyse the amount of cytochrome c released from the mitochondria, cells were starved and shocked as described above, washed twice with PBS and resuspended in buer (20 mM HEPES pH 7.6, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA pH 8) containing protease and phosphatase inhibitors (Roche Diagnostic, Mannheim, Germany). After homogenization by passing through a shredder column (Qiagen, Hilden, Germany) the released cytochrome c was obtained by two-step centrifugation (15 min at 10 000 g, 1 h at 100 000 g) at 48C.
Indirect immunofluorescence
Cells were grown on coverslips and starved and shocked as described above, washed twice with PBS and ®xed in 3.7% formaldehyde for 10 min at room temperature. For permeabilization 0.1% Triton X-100 was added for 5 min. After blocking for 30 min in goat serum an antibody that speci®cally detects the cleaved form of caspase-3 was added and incubated overnight at 48C. A FITC-conjugated secondary antibody was added and incubated for 30 min. The washed cells were mounted in Fluoprep (bioMerieux, Marcy l'Etoile, France). Fluorescent cells were visualized for counting using a Leica DMRD microscope (Leica, Bensheim, Germany).
